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Abstract 
In this paper, a 300 Hz pulse tube cryocooler (PTC) driven by a double-acting thermoacoustic heat engine (DATHE) 
has been studied. A double-acting thermoacoustic heat engine incorporates several travelling-wave heat engine units, 
which are serially connected in a loop. Compared with the conventional thermoacoustic heat engine which involves a 
travelling-wave loop and a resonator, it has advantages of compact size and potentially high thermal efficiency. In 
this paper, a DATHE-PTC system was designed, optimized and studied in detail. Firstly, numerical simulation was 
conducted to design the system and optimum structure parameters of the system were obtained. With the operating 
condition of 4 MPa mean pressure and 300 Hz working frequency, a cooling power of 7.75 W at 77 K and a relative 
Carnot efficiency of 11.75% were achieved. In order to better understand the energy conversion characteristics of the 
system, distributions of key parameters such as acoustic work, phase difference were presented and discussed. Then, 
the coupling mechanism of the system was investigated. In addition, the influence of mean pressure on the system 
performance was studied. 
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1. INTRODUCTION 
Thermoacoustic heat engine (THE) is a novel kind of heat engine capable of converting heat to 
acoustic power. According to the internal acoustic field structure, THE can be categorized as standing-
wave ones and travelling wave ones. The travelling-wave THE (TTHE) are based on the Stirling cycle 
which has the Carnot efficiency. Thus, many investigations have been performed on the TTHEs [1-3]. 
The acoustic power generated by the TTHE can be used to drive a linear alternator, a thermoacoustic 
refrigerator or a pulse tube cryocooler. Among these, thermoacoustically-driven PTC has been 
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extensively studied [4-5]. Also, acoustic pressure amplifier tube was introduced to couple a TTHE and a 
PTC [6]. However, the above-mentioned TTHEs have a common problem of having a large resonance 
tube. Meanwhile, high frequency operation of such system can lead to a much-reduced size, which is very 
attractive in small-scale thermoacoustic applications, such as a portable power generator or a cryocooler. 
Many efforts have been made to study and improve the performance of the high frequency TTHE, but the 
results are not satisfying. The main problems include: (1) Tapered resonator has been used to achieve a 
good performance, which leads to a large size and heavy weight; (2) Acoustic phase is very sensitive to 
the feedback loop size, and the optimized dimensions cannot easily fit into a loop configuration. 
To address the problems, a high frequency double-acting thermoacoustic heat engine might be a 
good candidate. As respect to the frequency, 300 Hz would be a good choice. Though even higher power 
density could be obtained with much higher frequency above 300 Hz, the machining of the key parts such 
as the heat exchangers would be quite challenging, worse more, the appropriate packing material for the 
regenerator of the PTC is commercially unavailable. This paper studied a 300 Hz system using a double-
acting thermoacoustic heat engine (DATHE) to drive a PTC (DATHE-PTC). The system consists of three 
symmetric units in series, and each unit contains basic components of a TTHE and a PTC. So far, 
researches on the characteristics of such kind of system are insufficient, especially for a high frequency of 
300 Hz. To better understand the working mechanism and provide a useful guidance for designing the 
system, a numerical analysis based on the linear thermoacoustic theory is carried out in this paper. Firstly, 
the system configuration is briefly introduced. Secondly, the numerical model is presented. Thirdly, the 
simulation results are shown and discussed. Finally, some conclusions are made. 
2. SYSTEM CONFIURATION 
Fig. 1. Schematic of 300 Hz DATHE-PTC system Fig. 2. Geometric model 
 
Our group has proposed a DATHE [7], which consists of at least three symmetric TTHEs and three 
tubes connecting them together. Fig.1 illustrates the basic configuration with three TTHEs based on the 
concept. At the end of secondary ambient heat exchanger of each TTHE, a PTC is connected through an 
acoustic pressure amplifier tube (APAT), which can lead to pressure wave amplification effect at the inlet 
of the PTC [6]. Fig. 2 is an enlarged view of one unit. Each TTHE unit consists of a main ambient heat 
exchanger, a regenerator, a high temperature heat exchanger, a thermal buffer tube and a secondary 
ambient heat exchanger. Each PTC unit consists of an ambient heat exchanger, a regenerator, a cold head, 
a pulse tube, a secondary ambient heat exchanger and a phase shifter. In the TTHE, heat is input into the 
high temperature heat exchanger, and the ambient heat exchangers are cooled by water. Thus, the 
temperature gradient across the regenerator could be established by these two heat exchangers. When this 
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axial temperature gradient exceeds a critical value, the acoustic power would be generated and amplified 
when it passes through the regenerator from the ambient end to the hot end. Part of the acoustic power is 
consumed by the PTC to generate cooling power, while the rest goes to the next unit. In this way, a long 
stand-alone resonance tube is no longer required for the engine and the general configuration becomes 
compact with a much higher power density. 
3. SIMULATION DETAILS 
The simulations were conducted with DeltaEC [8] which is based on the classical thermoacoustic 
theory [9]. The software provides a series of modules, such as DUCT, HX, STKSCREEN, STKSCREEN, 
et al, to simulate different thermoacoustic components and systems. Some parameters such as gas 
temperature, pressure amplitude and phase are set and initialized by the users. A shooting method is 
introduced in the software to satisfy the boundary conditions set by the users.  
The acoustic power E can be calculated as 
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Due to the symmetry of the system, only one single unit needs to be simulated for simplicity. The 
geometric model is presented in Fig.2. Naturally, the phase angle of the principal variables, pressure and 
volume flow rate, between any two adjacent THEs equals to a certain value, which is 360Ϩdivided by the 
number of the THEs. Thus, for the three THEs system, a 120 degree could be readily obtained.In the 
simulation, the working fluid is helium gas, frequency is set to be 300 Hz and mean pressure is set to be 
4.0 MPa. In the main and secondary ambient heat exchangers, the solid temperature is set to be 303 K. 
The solid temperature of the high temperature heat exchanger is set to be 850 K. Heat transfers with the 
environment are set to be 0 for most components except for the heat exchangers. In the cold-head of the 
PTC, the solid temperature is set to be 77 K. With the above initial and boundary conditions, simulations 
can be carried out. The relative Carnot efficiency, defined in equation (2), is taken as the optimization 
target.  
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4. SIMULATION RESULTS AND DISCUSSIONS 
4.1. Geometry parameters 
The main optimized dimensions of a 300 Hz TTHE and PTC are as follows. In TTHE, the main 
ambient heat exchanger, regenerator, high temperature heat exchanger and the thermal buffer tube have a 
common diameter of 22.3 mm and the lengths are 10mm, 16mm, 24mm, 75mm, respectively. As a whole, 
the length of the single TTHE unit is only 0.44 m. The regenerator is a stack of stainless-steel wire mesh 
with a porosity of 0.79 and a hydraulic radius of 22 μm. The connecting tube is 5.6 mm in diameter and 
612 mm in length. In PTC, the regenerator has a diameter of 22.5 mm and a length of 25 mm. It is made 
of stacks of stainless steel wire mesh with a porosity of 0.85 and a hydraulic radius of 14 μm. The cold-
head is 21 mm in diameter and 5 mm in length. The APAT connecting PTC with TTHE is 4 mm in 
diameter and 250 mm in length. 
4.2. Performance Analysis 
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In this section, the performance of the DATHE-PTC system is presented. According to the 
simulation results with 4 MPa average pressure, the relative Carnot efficiency of the whole system, could 
reach 11.79%, while the relative Carnot efficiency of the PTC is 25.35%. The cooling power at 77 K is 
7.75 W, and the lowest no-load temperature could reach 40.2 K. 
In order to further understand the characteristics of the DATHE-PTC system, axial distributions of 
the main parameters are presented in Figs.3-4. In each figure, the black curve presents the distribution in 
the TTHE and the red curve presents the distribution in the PTC. In the TTHE, the x coordinate begins at 
the main ambient heat exchanger and goes to the regenerator, high temperature heat exchanger, thermal 
buffer tube, secondary ambient heat exchanger, and finally, the connecting tube. In the PTC, the x 
coordinate begins at the APAT and goes to the ambient heat exchanger, the regenerator, cold-head, pulse 
tube, secondary ambient heat exchanger, and finally, reaches the phase shifter. Since regenerators are 
most important components for power conversion, the location of both TTHE regenerator and PTC 
regenerator are marked in the figures. 
 
Fig. 3. Axial distribution of acoustic work  Fig. 4 Axial distribution of difference phase between  pressure 
wave and volume flow rate 
For the axial distributions of acoustic work shown in Fig.3, about 300 W heat is input into the TTHE 
high temperature heat exchanger. In the regenerator, the acoustic power is amplified from 101.7 W to 
214.7 W. About 85.8 W acoustic power is used to drive the PTC and the remaining 103.1 W goes to the 
next unit. Thus, about 76% of the net generated acoustic power in the TTHE is used to drive the PTC. In 
the PTC, about 60 W acoustic power is consumed in the regenerator. At the cold-end temperature of 77 K, 
the cooling power is 7.75 W. Taking a closer look at the APAT, about 5.87 W acoustic power is 
dissipated, which is acceptable.  
Fig. 4 shows the axial distribution of phase difference between pressure wave and volume flow rate. 
As seen in the figure, in the PTC, the phase difference inside the regenerator varies from -290 to 640, thus 
in-phase relationship between the pressure wave and volume flow rate can be obtained, which is 
important for high efficiency cooler operation. In the TTHE, the phase difference between the pressure 
wave and volume flow rate deviates from ideal values, which may be one of the reason for relatively low 
efficiency of the engine. . 
4.3. Influence of APAT 
The influence of the APAT on the system performance is mostly concerned. As addressed, APAT 
has 4mm in diameter and 250mm in length. A comparison between the DATHE-PTC system with and 
without the APAT has been made.  Figure shows the comparison of the input heat power and relative 
Carnot efficiency under different cold-end temperatures. 
In the figures, the red curves show the input heat power and relative Carnot efficiency with APAT 
and the black curves show cooling power and relative Carnot efficiency without APAT. It can be seen 
that the relative Carnot efficiency without APAT is slightly higher than that with APAT, while the input 
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heat power without APAT is almost as twice as the input heat power with APAT. Due to the small cross-
sectional area of high temperature heat exchanger, the input heat power should be controlled. At the cold-
head temperature of 77 K, 11.78 % relative Carnot efficiency has been obtained with 300 W input heat 
power in the system with APAT while 12.89% relative Carnot efficiency has been obtained with 528 W 
input heat power in the system without APAT.  
 
 
Fig. 6. The influence of the APAT on the input heat 
power under different cold-head temperature 
 
Fig. 7. The influence of the APAT on the relative Carnot 
efficiency under different cold-head temperature 
4.4.  Influence of mean pressure 
Fig. 8-9 demonstrate the influence of the mean pressure. As seen in the figures, more cooling power 
and higher relative Carnot efficiency have been obtained under higher mean pressure. At the cold-head 
temperature of 77 K, the cooling power is 4.99 W, 7.75 W, 10.67 W and the relative Carnot efficiency is 
9.65%, 11.78%, 13.27% under 3.5 MPa, 4.0 MPa. 4.5 MPa, respectively. Meanwhile, lower noload cold-
head temperature can be obtained under higher mean pressure. At the mean pressure of 3.5 MPa, 4.0 MPa, 
4.5 MPa, the no load cold-head temperature are 47.96 K, 40.2 K, 35.5 K respectively.  
 
Fig.8. The influence of mean pressure on the cooling 
power under different cold-end temperature 
 
Fig.9. The influence of mean pressure on the relative 
Carnot efficiency under different cold-end temperature 
5. CONCLUSIONS 
A 300 Hz pulse tube cryocooler driven by a double-acting travelling-wave thermoacoustic heat 
engine has been studied in this paper. Compared with the traditional system which includes a large 
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resonator, it has advantages on power density by employing three identical units and eliminating the large 
resonance tube. Based on the classical thermoacoustic theory, numerical simulation was performed to 
design and obtain optimum structure parameters of the system. At a cold-head temperature of 77 K, a 
cooling power of 7.75 W and a relative Carnot efficiency of 11.78% were achieved with 4 MPa helium 
and 300 Hz working frequency. Distributions of key parameters in terms of acoustic power, phase angle 
were further studied to better understand the performance and energy conversion characteristic of the 
system. Systems with and without APAT were simulated and compared, indicating that the acoustic 
pressure amplifier tube has a significant influence on the system performance. Furthermore, influence of 
the average pressure was investigated. A lower no load cold-head temperature as well as more cooling 
power and higher relative Carnot efficiency was obtained under higher mean pressure. In the future, a test 
rig will be built accordingly and experimental work will be carried out to verify the predictions. 
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